ABSTRACT -(Megaspore germination and initial development of Regnellidium diphyllum Lindman (Pteridophyta, Marsileaceae) sporophytes in the presence of cadmium). Regnellidium diphyllum has its distribution restricted to Southern Brazil and adjoining localities in Uruguay and Argentina. Currently it is on the list of threatened species of Rio Grande do Sul. The conversion of wetlands into agricultural areas or soil contamination by the introduction of waste products and fertilizers may compromise the establishment and survival of this species. Among the pollutants are heavy metals, such as cadmium (Cd). Megaspores were germinated in liquid culture medium, with concentrations 0 (control), 0.39; 0.78; 1.56; 3.12; 6.25; 12.5; 25; 50 and 100 mg L . In apomictical sporophytes, the growth of primary root and leaf was significantly reduced and no secondary leaf was formed at Cd concentrations of 12.5 and higher than this. The results indicated that R. diphyllum is tolerant to the presence of Cd up to considerably higher concentrations (0.78 mg L -1 ) than that normally found in unpolluted aquatic ecosystems (0.01 mg L -1 ), although the sensitivity to higher concentrations might endanger the establishment and permanence of this species in habitats exposed to contamination with this metal.
Introduction
Ecotoxicologic investigations have made it possible to evaluate the sensitivity and vulnerability of species to chemical pollution, and to predict extinction risks in contaminated environments (Espíndola et al. 2003) . The different effects of heavy metals on plants indicate the possibility of the potential use of aquatic plants as bioindicators and accumulators of contaminants (Oliveira et al. 2001 , Aravind & Prasad 2005 . The selection of plants with the capacity to absorb and metabolize toxic elements opens the possibility of their use for phytoremediation in contaminated environments by removing toxic elements (Leduc & Terry 2005) .
Industrial and agricultural procedures are increasing the concentration of heavy metals in the environment. Phosphatic fertilizers and other products used in agriculture may increase the level of toxic elements, especially cadmium (Cd) (Satarug et al. 2003 , Chien et al. 2003 . Even if the levels of Cd do not reach alarming values, the constant use of fertilizers and pesticides can contribute to the presence of this element in soil and water for many years. Besides, the estimated half-life for Cd in soil varies between 15 and 1,100 years (Alloway 1990) .
Cadmium is normally found in association with zinc, and only rarely in pure state, being present in various types of rocks, soils and in water (Aravind & Prasad 2005) . In non-contaminated soils, Cd is found only in low concentrations from 0.04 to 0.32 mM (Wagner 1993) , while in water these values range from 0.001 to 0.01 mg L -1 (World Health Organization 1992) . In Brazil Cd concentrations found in some types of soil varies from 0.2 to 1.8 mg kg -1 (Fadigas et al., 2002) . The average amount of Cd in commercial fertilizers in Brazil varies from 1.7 to 46.6 mg kg -1 , so that ca. 1.30 to 230. 40 g ha -1 year -1 of Cd could be introduced for the production of the main crops (Amaral-Sobrinho et al. 1992) .
Only a small portion of the fertilizers applied to soil is used by the plants, with the portion that is not retained being washed away to water bodies or to the underground, altering their quality (Amaral-Sobrinho et al. 1992) . The Brazilian Environmental Council (Conama) allows for Cd concentrations from 0.001 to 0.2 mg L -1 . Concentrations above these values are considered toxic for aquatic communities and improper for human use (MMA 1986) .
Regnellidium diphyllum Lind., a heterosporous fern in the Marsileaceae family, has its distribution restricted to Southern Brazil and some adjoining localities in Uruguay and Argentina (Schultz 1949 , Alonso-Paz & Bassagoda 2002 . This species have been listed as vulnerable in the endangered species list of the State of Rio Grande do Sul (Sema 2008) . It grows in wetlands which in many areas have been transformed in rice fields and pastures.
Considering the lack of information about the sensitivity of Regnellidium diphyllum to the presence of contaminants and due to the conservation status of this species, the germination of megaspores and the initial development of sporophytes in the presence of Cd was analyzed in vitro in order to establish its tolerance limits to this contaminant as well as the biological responses at these stages of the life-cycle. in the municipality of Triunfo (29°48' S, 51°41' W), in State of Rio Grande do Sul, Brazil, and kept at room temperature (about 25 °C). Voucher specimens were placed in the Herbarium of the Universidade do Vale do Rio dos SinosUnisinos (PACA, São Leopoldo, Brazil). Fifteen sporocarps were washed in tap water, rinsed with 70% ethanol solution and kept four minutes in a 7% sodium hypochlorite solution, then washed in sterile distilled water and dried on sterile filter paper. Megaspores were separated manually from the microspores under a stereo-microscope. To assure homogeneous megaspore samples, the material from the different sporocarps was mixed. Considering the normal occurrence of apogamy in megagametophytes of R. diphyllum, only megaspores were used, in order to obtain uniform cultures, thus avoiding the mixture of sexual and apogamically formed sporophytes.
Material and methods

Megaspores of
As liquid culture medium, Meyer's solution (Dyer 1979 ) was prepared with different concentrations of Cd, starting with a Titrisol ® 1000 mg L -1 solution of Cd, obtaining the concentration of: 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 , 100 mg L -1 , and the control treatment without cadmium. The pH was adjusted to 6.2. Twenty five megaspores were placed in each glass vial (4.5 cm × 10 cm) with 25 mL of the solution. Each vial was considered one experimental unit and four repetitions for each treatment were prepared.
The culture vials were distributed randomly in a growth chamber with a photoperiod of 16 hours, under 110 µmol m -2 s -1 of PAR (photosynthetically active radiance) at 24 ± 1 °C. Data were collected after one and four weeks in culture. In order to document the development of the sporophytes, three individuals were taken randomly from each replication at the end of the first and last week. They were measured for the length of the primary root and the length of the primary and secondary leaves. After four weeks the germinated megaspores and the megagametophytes presenting sporophytes were counted. For each treatment the total number of leaves was counted for three individuals from each replication, totalizing a sample of twelve for each treatment. Megaspores presenting at least a globose green structure with a crown of rhizoids were considered germinated. Megaspore germination and sporophyte formation rates were transformed into percentages. The normality and homogeneity of the germinability were tested using the Kolmogorov-Smirnov (Santana & Ranal 2004 ) and the Levene tests. When these assumptions of the parametric statistic were attended, ANOVA and Tukey tests were applied; on the contrary, Kruskal-Wallis and Dunn tests were used to detect statistical differences among treatments (P < 0.05). The analyses were conducted using the Systat version 10.2 Windows 2000.
Results
There was a significant reduction of megaspore germination at cadmium concentrations of 50 mg L -1 , while no germination occurred at 100 mg L -1 ( figure 1A ).
Discussion
Previous studies of Cd toxicity in aquatic macrophytes discussed changes in the permeability of the cellular membrane, interference in the photosynthetic process and reduced growth of the plants. Cadmium inhibits the synthesis of chlorophyll, damages thylakoid structure, inhibits enzymes, interferes with various steps of photosynthesis and induces deficiencies of minerals like iron, thus, influencing negatively metabolic activities of plants (for revision, see Benavides et al. 2005) . Growth reduction (roots and leaves/aerial parts) was related to the increase of Cd concentration in Eichhornia crassipes (Mart.) Solms and in the fern Salvinia auriculata Aubl. (Oliveira et al. 2001) . Strong phytotoxicity symptoms in floating aquatic macrophytes with the increase of exposure time to Cd were observed by Maine et al. (2001) . In their study, the angiosperms Pistia stratiotes L., Hydromistia stolonifera, E. crassipes and the pteridophyte Salvinia herzogii Sota presented chlorosis and in part necrosis of the plants when in contact with up to 6 mg L -1 of this heavy metal, especially during the first 24 hours of exposure.
Several studies related to the growth of plants in the presence of Cd indicate that the root is the plant organ that presents more intense symptoms of toxicity. Most authors cite the large capacity of roots to accumulate Cd in their tissues and the reduced growth of these structures in the presence of this contaminant (Fargasová 2001 , Maine et al. 2001 , Youn-Joo 2004 . Furthermore, among the heavy metals, Cd is most easily translocated from roots to leaves, influencing the development of the aerial parts of the plant (Alloway 1990) .
Some studies call attention to the interaction of Cd with other metals, especially zinc (Aravind & Prasad 2005) , as well as with calcium. Cadmium may substitute Ca on the calcium-specific protein calmodulin and affect other physiological processes that regulate the absorption of Ca by the cells (World Health Organization 1992) . These data, when compared with the present results, could explain the reduction of the germinability and the lower number of megagametophytes presenting sporophytes. The toxic effect of Cd could inhibit the absorption of Ca necessary for cellular divisions, thus, negatively influencing the germination process and the development of sporophytes. In another experiment by the present authors with Regnellidium diphyllum, no sporophyte development occurred in the absence of Ca (D. A. Wunder, unpublished data).
Usually, the secondary leaf is formed after one week in culture (Vianna 1973) . However, in the present study, Cadmium concentrations up to 6.25 mg L -1 did not affect the sporophyte formation in relation to the control treatment, but at 12.5 mg L -1 of Cd and higher than this an inhibitory effect was observed (figure 1B).
The length of the primary root of the sporophytes was affected by Cd. After one week in culture, a significant reduction in root growth compared to the control was observed at concentrations of 0.78 mg L -1 and higher than this. Similar results could also be observed at the end of four weeks in culture (table 1) .
The development of primary and secondary leaves was also affected by the presence of Cd. The growth of the primary leaf was significantly reduced at the end of the first and fourth week, when compared with the control, at Cd concentrations of 12.5 mg L -1 and higher than this. The secondary leaves were shorter than those formed by the control plants in the four week cultures, at a Cd concentration of 0.78 mg L -1 and higher than this. In the treatments with Cd concentrations of 12.5 mg L -1 and higher than this, the secondary leaf was not formed even after four weeks in culture (table 1) . the secondary leaf was not formed in the treatments with Cd concentrations of 12.5 mg L -1 and higher than this. Salvinia molesta presents low tolerance to Cd concentrations higher than 0.1 mg L -1 , and the growth and development of new leaves is negatively affected with the increase in concentration or exposure time (Gupta & Devi 1992) . For S. molesta Mitchell, the presence of Cd in the medium affect the availability of nutrients such as calcium, magnesium, zinc and potassium, thus reducing the formation of new branchlets and the biomass of the new structures even in a Cd-free medium after being exposed to this heavy metal (Outridge & Hutchinson 1990) .
If contaminants with Cd concentrations higher than 0.78 mg L -1 reach plants in initial stages of sporophyte development, this would probably impede the establishment of the species. The constant use of agricultural supplies contaminated by Cd may represent an additional threat to Regnellidium diphyllum that occurs in a region intensely affected by agricultural activities. The tolerance of this species to Cd far above concentrations found in natural environments suggests that investigations of the eventual capacity of R. diphyllum plants to absorb and accumulate cadmium may produce interesting results. d.f. = 8, 27 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001
